High performance composite of nanosized Li 4 Ti 5 O 12 (LTO) and graphene nanosheets was fabricated using a novel atomic layer deposition (ALD) seeded process incorporated with hydrothermal lithiation for the first time. TiO 2 nanoislands as seeds were anchored on graphene by ALD process, triggering the unique structure formation of subsequent LTO. The synergistic effects of nanosized LTO and graphene endow the composite with a short lithium ion diffusion path and efficiently conductive network for electron and ion transport, boosting the excellent reversible capacity, rate capability, and cyclic stability as anode materials for lithium ion capacitors (LICs). The reversible capacity of 120.8 mA h g −1 at an extremely high current rate of 100 C was achieved successfully, and the electrode can be charged/discharged to about 70% of the theoretical capacity of LTO in 25 s. Meanwhile, the composite exhibited excellent cyclic stability of 90% capacity retention at 20 C with nearly 100% Coulombic efficiency after 2500 cycles. The sintering treatment after hydrothermal reaction has significant effects on the crystallinity, defect density, microstructure and electrochemical property of the composite, which is also supported by theoretical calculations. The results provide a versatile roadmap for synthesis of high performance LTO based composite and new insights into LICs.
Introduction
The ever-increasing global energy-consumption because of the planetary climate change, disastrous environmental pollution and substantial deficit of fossil fuels requires the development of advanced electrical energy storage technology (EES) [1] [2] [3] . Great progress has been made in the development of EES devices such as lithium ion batteries (LIBs) and supercapacitors (SCs) based on electrode material design and cell system optimization [4] [5] [6] [7] . As the primary EES unit in the market, LIB could store a large number of charges in the cell; however, they will take several hours to complete the kinetics limited charge/discharge process (due to their low power density). By contrast, SCs could ensure fast energy storage in seconds or minutes, but low energy density limits their vast applications [3, 8] . Therefore, next generation of EES devices with intrinsically-improved energy and power densities are highly desirable to meet the requirements of modern technologies. Lithium ion capacitors (LICs) are mainly configurated by LIBs-type anode and SCs-type cathode, which are operated by combined mechanisms of lithium ion intercalation/deintercalation and anion double-layer adsorption/desorption. Therefore, the intriguing combination boosts the energy/power densities simultaneously as compared with the symmetric cell, bridging the gap between LIBs and SCs on the Ragone plot [9] [10] [11] . Due to the electrochemical hysteresis, however, the anode performance is the power-output constrain of LICs, which is typically limited by the inherently semiinfinite diffusion process of bulk electrodes, as compared with the surface-controlled charge storage of porous electrodes [12] . This imbalance in kinetics between two electrodes has necessitated the anode material with superior rate capability and cyclic stability.
Among a myriad of anode materials, the spinel-structured Li 4 Ti 5 O 12 (LTO) has attracted tremendous attention especially in terms of safety issues recently because of the battery incidents such as Samsung Note 7. LTO with a three-dimensional (3D) lithium diffusion structure exhibits the negligible volume change during the lithiation/ delithiation. Meanwhile, the relatively flat and high potential plateau around~1.55 V vs Li + /Li endows LTO with the excellent cyclic stability and safety. Nevertheless, the intrinsically-poor electronic conductivity (10 -13 −10 −8 S cm −1 ) and lithium ion diffusion kinetics suppress its rate capability [13] [14] [15] . Great efforts have been directed towards developing various hierarchically nanostructured LTO or carbonaceous LTO composites to garner maximum power density [16] [17] [18] [19] [20] . Unfortunately, several drawbacks in terms of materials design and roadmap selection still exist. Highly porous structured LTO could deliver improved rate capability as compared with the bulk one at expense of tap density and volumetric capacity. High temperature sintering is usually involved in the preparation of LTO powder obtained by solid-state reaction, sol-gel or hydrothermal methods, which is generally accompanied by the grain growth and particle aggregation, hindering the lithium ion diffusion and thus deteriorating the electrochemical performance inevitably.
Integrating with carbonaceous components such as amorphous carbon coating, carbon nanotube and graphene could tailor the electrical conductivity of the composite [17, [21] [22] [23] [24] [25] . As we know, versatile graphene can be served as a building block to improve the performance of active materials [26] [27] [28] [29] . Although high quality graphene can be produced massively [30, 31] , the large-scale application in EES technology has not been reflected so far. That quests for a feasible method with meticulous design to hybridize graphene with active materials rather than just mixing them physically. ALD has been explored as an important vapor deposition technique in contrast to solution based processes. Semiconductor processing is one of the main motivations for the development of ALD. The ALD process is capable of producing conformal thin films with precise control even at the angstrom scale with excellent uniformity on various host materials including complex 3D substrates, two dimensional (2D) sheets and one dimensional (1D) wires. It is predicted that hierarchical electrode materials and composites could be prepared by ALD, which will open up another novel pathway for applications in EES [32] [33] [34] .
In this study, ALD technique as an ingeniously seeded route was adopted to obtain high performance composites of nanosized LTO and graphene nanosheets as anode materials for LICs. To the best of our knowledge, this is the first report on synthesis of LTO/graphene composite by an ALD seeded route combined with hydrothermal lithiation. TiO 2 nanoislands were seeded on graphene by ALD process in advance, ensuring the unique structure formation of subsequent LTO. The synergistic effects of nanosized LTO and graphene conductive host defined by ALD boosted excellent rate capability. The reversible capacity of 120.8 mA h g −1 at an extremely high current rate of 100 C was achieved, which means that the electrode could be charged/ discharged to about 70% of the theoretical capacity of LTO in 25 s. Meanwhile, the composite exhibited good cyclic stability of 90% capacity retention at 20 C with nearly 100% Coulombic efficiency after 2500 cycles. Additionally, the restricting factors in our experiment conditions including synthesis parameters, morphology, microstructure and the corresponding electrochemical kinetics were evaluated systematically. The theoretical calculations revealed the possible origin of high performance of LTO/graphene composite. The present results provide a novel roadmap for synthesis of high performance LTO based composite and new insights into LICs.
Experimental section

Preparation of TiO 2 /graphene composite by ALD method
The pristine graphene (Shanghai SIMBATT Energy Technology Co., Ltd, China) synthesized by reduction of graphite oxide (GO) was used as host materials in the ALD process. The ALD seeded process was performed using a rotary reactor (Zhiliande Tech Co. Ltd, Zhenjiang, China 
Preparation of LTO/graphene composite by hydrothermal method
Typically, an appropriate amount of as-prepared TiO 2 /graphene composite was added to 2 M LiOH aqueous solution (5 ml) under stirring for 1 h. Subsequently, the suspension was sealed in a 15 ml Teflon-lined autoclave and maintained at 180°C for 24 h. After the autoclave was naturally cooled to room temperature, the precipitates were collected by centrifuging and washed with deionized water and ethanol. Then the separated precipitates were vacuum dried at 60°C for 12 h. Finally, the dried precipitates were sintered at 600°C for 6 h under Ar atmosphere at a ramping rate of 5°C min . The samples based on different TiO 2 /graphene composites were labeled as 50-LTO-G-600C and 100-LTO-G-600C, respectively. Different hydrothermal conditions including temperature, duration and Li ion concentration were also performed in our experiment condition. 1 M and 5 M LiOH aqueous solutions were used as reagents following the same process as the control experiment. The hydrothermal conditions such as 120°C for 24 h, 200°C for 24 h and 180°C for 48 h were also performed for the optimization of synthesis. Additionally, the dried precipitates were also sintered at 800°C denoted as 100-LTO-G-800C in order to claim the effect of sintering temperature on the physical characteristic and electrochemical property of LTO/graphene composite.
Material characterizations
X-ray diffraction (XRD) analysis was performed using a Bruker D8-focus X-ray powder diffractometer equipped with a Cu Kα radiation (wavelength of 1.542 Å) in the 2θ range between 10°and 90°at room temperature. The Brunauer-Emmett-Teller (BET) surface area of materials was recorded using a Micromeritics ASAP2020 M+C instrument based on the nitrogen adsorption/desorption isotherm at 77 K. X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific ESCALAB 250XI Probe system. Raman spectra were recorded on aspectrometer (inVia Reflex, Renishaw, UK) with a laser excitation wavelength of 532 nm in the range of 200-2000 cm −1 . The morphology and microstructure of materials were characterized by a field emission scanning electron microscope (FESEM, JEOL JSM-7100F) coupled with an energy dispersive X-ray spectrometer (EDS) and a transmission electron microscopy (TEM, Tecnai LaB6). Thermogravimetric analysis (TGA, SDTQ-600, TA InstrumentsWaters LLC) was conducted from room temperature to 700°C in air with a heating rate of 5°C min −1 .
Electrochemical measurements
The as-obtained LTO/graphene composites (50-LTO-G-600C, 100-LTO-G-600C and 100-LTO-G-800C) were investigated using coin cells (CR2025 ) in a cutoff voltage of 1.0-2.5 V. The electrochemical impedance spectroscopy (EIS) was also measured in the frequency range from 100 kHz to 0.1 Hz. Galvanostatic charge/discharge measurement was performed at different current rates (0.5-100 C, 1 C corresponds to 175 mA g −1 ) using a multi-channel battery testing system (Neware BTS4000) in the potential range of 1.0-3.0 Vvs. Li + /Li. The electrochemical performance of pristine graphene was also investigated as a control experiment. The coin cell assembling and electrochemical measurement were followed the process of the LTO/graphene composite. In terms of LICs full cell measurement, activated carbon (AC) (Kuraray Chemical Co., Ltd., YP-50F) was used as cathode material. The corresponding electrochemical performance measurement of AC was followed the same procedure except using aluminum foil as a current collector. The LICs full cell based on 100-LTO-G-600C anode and AC cathode was also assembled in the Ar-filled glove box. The cutoff potentials were set as 3.0-4.5 Vand 1.5-3.0 V vs. Li + /Li, corresponding to AC cathode and LICs full cell, respectively. All the electrochemical measurements were carried out at room temperature. The specific capacity could be converted into specific capacitance according to the following equation: C s (F g ) is the specific capacity and dV (mV) is the potential window [37] . The energy density (E, W h kg 
min , whereV max and V min are the initial and final discharge potentials (V) andm is the total mass of active materials in anode and cathode [38] .
Results and discussion
Aiming to address above issues, there are three main strategies employed in this study as follows: (I) decrease the LTO particle size (II) combine with graphene nanosheets synergistically and (III) reduce the post-sintering temperature. Based upon these, the schematic illustration is shown in Fig. 1 , presenting the typical synthesis procedure. The uniform TiO 2 nanoislands as seeds were deposited on graphene nanosheets by ALD process in advance. Then, LTO/graphene composite was prepared by means of hydrothermal lithiation with LiOH aqueous solution followed by sintering at 600°C. First, the discontinued TiO 2 nanoislands instead of a fully covered film on graphene nanosheets were obtained by the control of ALD process, serving as nucleation sites of lithiation, which is a crucial step of confining the particle size for subsequent LTO. Secondly, the chemical bonding connected graphene with LTO defined by ALD can also facilitate the electron and ion transport and structural stability besides the effect of graphene itself, benefiting for the electrochemical performance of LTO. Meanwhile, the isolation of TiO 2 nanoisland avoided the particle aggregation of LTO during following sintering process, ensuring the analogously topological transformation from TiO 2 to LTO on graphene. Thirdly, the involved hydrothermal lithiation could decrease the postsintering temperature of the formation of LTO phase efficiently, hindering grain growth, reducing high degree of crystallinity, and thus leading to the improved performance of LTO as well.
The growth mechanism of ALD TiO 2 is proposed following the reaction (A) and (B) below:
TiO 2 could be obtained after low temperature annealing of TiOH species on graphene. Reactions (A) and (B) were defined as one ALD cycle. The TiO 2 /graphene composite was prepared according to 50 and 100 ALD cycles denoted as 50-TiO 2 -G and 100-TiO 2 -G in our experiment. Fig. 2a shows X-ray diffraction (XRD) patterns of the TiO 2 / graphene composite. Both composites exhibited a main diffraction peak located around 25°and some small peaks, which can be indexed to anatase TiO 2 (JCPDS no. 21-1272). The main peak of 100-TiO 2 -G becomes sharper than that of 50-TiO 2 -G, indicating the growth of crystal size with increased ALD cycles. The crystal sizes of 50-TiO 2 -G and 100-TiO 2 -G are~8.5 and~10 nm, respectively, calculated by Scherrer equation based on the (101) plane of TiO 2 .
The porous microstructure of the TiO 2 /graphene composite was evaluated by nitrogen adsorption/desorption isotherms as shown in Fig. 2b . The composite exhibited the typical Type IV isotherm with Type H3 hysteresis loop, suggesting the hierarchical pore structure associated with meso-and macropores [39] . The open pore structure facilitates the solvent transport during the following hydrothermal reaction, determining the unique structure formation of subsequent LTO. The suggestion was in accordance with the pore size distribution (the inset in and 64.8% were determined by Thermogravimetric analysis (TGA) (Fig. S1 , Supporting information). Fig. S2 shows a X-ray photoelectron spectroscopy (XPS) spectrum identifying the surface valence state of elements in 100-TiO 2 -G, which agrees well with the previous reports [35, 36] . It is worthy of note that the chemical bonding between TiO 2 and graphene defined by ALD may improve the electron transport and structural stability as well. The morphology of the TiO 2 /graphene composite was observed by scanning electron microscopy (SEM) (Fig. 2c, d ) and transmission electron microscopy (TEM) (Fig. 2e, f) . TiO 2 nanoislands with the average size of 20 nm were distributed uniformly on the wrinkled graphene nanosheets. Instead of a fully covered TiO 2 film on graphene, discontinued nanoisland structure was inclined to form. On one hand, the hydroxyl-covered surface of 2D graphene controlled by ALD process induced the interaction with TiCl 4 molecules. On the other hand, TiO 2 nucleated and growed at the defect sites (or residually functional groups after oxidation-reduction synthesis) on graphene due to the nucleation difficulty on π-state sp 2 carbon network, which also determined the formation of nanoisland morphology [35, 36, 40] . More importantly, the isolated TiO 2 nanoisland is the prerequisite for confining subsequent LTO nanoparticles. The inter-planar spacing of 0.35 nm corresponded to the (101) plane of anatase TiO 2 ( Fig. 2f) , which is consistent with the XRD result. After ALD seeded process, LTO/graphene composite was synthesized by the hydrothermal reaction based on LiOH aqueous solution and as-prepared 50-TiO 2 -G and 100-TiO 2 -G followed by post-sintering at 600°C. The samples were labeled as 50-LTO-G-600C and 100-LTO-G-600C. The corresponding XRD patterns were depicted in Fig. 3a . The well matched diffraction peaks can be assigned to the spinel structured LTO (JCPDS No. 49-0207). The broad "hump" around 26°was 
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Nano Energy 36 (2017) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] associated with the disordered layer stacking of graphene nanosheets.
No impurities (such as TiO 2 and Li 2 TiO 3 ) were observed, demonstrating the formation of pure LTO phase after appropriate hydrothermal lithiation and sintering at 600°C. The effects of hydrothermal temperature, duration and Li ion concentration on the pure LTO phase formation were investigated in our experiment condition. Fig. S3 shows the XRD patterns of samples obtained under various hydrothermal temperatures and durations with 1 M LiOH at 800°C. The patterns unequivocally revealed that there was no identified LTO phase formation until the hydrothermal temperature rose up to 180°C. Meanwhile, there were still impure phases by even further increasing the temperature and duration. Fig. S4 shows the XRD patterns of samples prepared under different Li ion concentrations treated by hydrothermal temperature of 180°C for 24 h at 800°C. The results indicated that over high Li ion concentration (5 M) induced Li 2 TiO 3 impurity. Additionally, the pure LTO phase can also be obtained at 600°C sintering (Fig. 3a) . Therefore, the synthesis conditions of the LTO/ graphene composite were optimized according to a series of experiments in this work. The LTO mass percentages of 80.6% and 92.4% were contained corresponding to 50-LTO-G-600C and 100-LTO-G-600C, respectively (Fig. S5) . The molecule state of composite and pristine graphene nanosheets was also identified by Raman spectroscopy (Fig. 3b) . In the spectra, three broad peaks at 100-800 cm −1 were observed. The peak at 235 cm −1 was attributed to the vibration of O-Ti-O counterpart. The stretching-bending vibration of the Li-O bond in LiO 4 and LiO 6 polyhedra usually induces the characteristic peak at about 430 cm −1 .
The peak at about 675 cm −1 was assigned to the vibration of the Ti-O bond in TiO 6 octahedra [41, 42] . The D-and G-bands (corresponding to the in-phase vibration of graphite lattice and disordered or defected graphite) located at~1350 cm −1 and 1580 cm , respectively, were ascribed to grapheme [29, 43] , suggesting the characteristic of graphene with remained defects that would be the nucleation sites of TiO 2 during the ALD process. No other characteristic peaks could be observed in the spectra, indicating a pure LTO phase without any impurities.
Similarly, the surface valence state of elements in the LTO/ graphene composite (100-LTO-G-600C) was conducted by XPS. The survey spectrum shows three major peaks located at around 284.5, 531.1 and 459.8 eV, which are indexed to the characteristic peaks of C1s, O1s and Ti2p, respectively (Fig. 3c) . The corresponding high resolution XPS spectrum was analyzed. The C1s spectrum presents a prominent peak (C-C) with some merged peaks (C-O and C˭O) [44] , associated with graphene sp 2 domains and residually oxygen-containing functional groups, respectively (Fig. 3d) . Fig. 3e clearly shows a C-O bond at 532.9 eV besides the Ti-O bond, implying the chemical bonding between LTO and graphene throughout the composite. This kind of synergistic integration facilitates the electron and ion transport during the electrochemical charge/discharge process. The spin orbit splitting of Ti2p with the peak separation of 5.8 eV is observed in Fig. 3f , indicating the presence of normal state of Ti 4+ [45] .
The nitrogen adsorption/desorption isotherms and microscopy were also employed to provide further information for the LTO/ graphene composites with respect to the microstructure and morphology. The composite exhibited analogous features about porosity as compared with that of TiO 2 /graphene. The typical Type IV isotherm with Type H3 hysteresis loop was observed (Fig. 4a) , indicating the hierarchical pore structure. The smaller hysteresis loop of 100-LTO-G-600C was observed due to the increased mass of LTO than that of 50-LTO-G-600C. The composite showed the similar pore size distribution of small size mesopores around 3.8 nm and macropores except the decreased pore volume of 100-LTO-G-600C (Fig. 4b) . The calculated specific surface areas of 50-LTO-G-600C and 100-LTO-G-600C are 142.6 and 126.3 m 2 g −1
, respectively, demonstrating nearly undisturbed porosity with relatively high surface area in contrast to TiO 2 / graphene even after the hydrothermal reaction. The appropriate porosity and surface area play a pivotal role in outputting superior electrochemical performance. Additionally, the nitrogen adsorption/ desorption isotherm and pore size distribution of pristine graphene was also provided in Fig. S6 . The calculated specific surface area was about 674 m 2 g −1 . The hierarchical feature of porosity with meso-and macropores was identified. Therefore, this combined ALD and hydrothermal approach is believed to synthesize extensive composites based on even more complicated structured host materials with nearly negligible effects on the original structure of host materials. As shown in SEM images (Fig. 4c, d ), the homogeneous LTO nanoparticles were anchored on the surface of wrinkled graphene without obvious self-aggregation. As we preconceive, LTO nucleated and grew at the sites of TiO 2 seeds during the hydrothermal reaction. The particle size and distribution of LTO were well confined by ALD TiO 2 seeds which ensured the analogously topological transformation from TiO 2 to LTO. TEM observations provided more insight into morphology and inner structure (Fig. 4e, f) . Graphene nanosheets exhibited the randomly crumpled structure with low contrast, indicating few layers with high quality. The isolated LTO nanoparticles were observed clearly on graphene. The calculated particle diameter distribution shows the average size of 100-LTO-G-600C of~21 nm, revealing a narrow diameter distribution defined by ALD and hydrothermal reaction. The well crystallized LTO particles with lump-sugar like shape are also observed in high resolution TEM. Furthermore, the rough surface observed here may be ascribed to the original structure of TiO 2 nanoisland which grew layer by layer defined by ALD mechanism. The inset in Fig. 4f shows that the LTO particle exhibits a lattice fringe with the inter-planar spacing of 0.48 nm, corresponding to the (111) plane of spinel structured LTO, which is consistent with the XRD result.
Through this ALD seeded route incorporated with hydrothermal and post sintering, the LTO/graphene composite with unique features was obtained. The expected electrochemical properties were evaluated in lithium ion half cells. Fig. 5a, b show the charge/discharge potential profiles of 50-LTO-G-600C and 100-LTO-G-600C measured by galvanostatic charge/discharge at various current rates from 0.5 to 100 C (1 C corresponds to 175 mA g , respectively. The capacity over the theoretical value (175 mA h g −1 ) of LTO was ascribed to the contributions from graphene host material at early charge/discharge process (reaction between graphene and electrolyte to store lithium ion and form solid electrolyte interphase (SEI)). The first five potential curves at 0.5 C were also presented in Fig. S7 . It is worthy of note that the large discharge capacities of 350.1 and 325.5 mA h g −1 were achieved at the initial cycle, corresponding to 50-LTO-G-600C and 100-LTO-G-600C, respectively. The long sloping region declined abruptly in the subsequent cycle, which is mainly related to the formation of SEI (upon the reaction between graphene and electrolyte). The following cycles became similar gradually, indicating the reversible lithiation/delithiation process of the LTO/ graphene composite. Additionally, 50-LTO-G-600C exhibited a little higher capacity than that of 100-LTO-G-600C due to the larger specific surface area and higher graphene content in the composite. As we expected, the specific capacities were achieved at 140.9 and 158.9 mA h g −1 at a current rate of 20 C, respectively. Even at an extremely high current rate of 100 C, the specific capacities of 98.2 and 120.8 mA h g −1 (charge/discharge complete within 25 s) could be delivered, corresponding to 56.1% and 70% of the theoretical value, respectively. The outstanding rate capability could be attributed to the synergistic effects of LTO and graphene: the strictly restrained LTO particle size by the ALD seeded route coupled with a hydrothermal reaction as well as low post-sintering temperature (the temperature effect will be discussed in the later part) endowed the LTO with a short lithium ion diffusion path; Meanwhile, graphene as highly conductive framework connected every LTO particle with chemical bond, resulting in an efficiently conductive network for electron and ion transport. The specific capacity of pristine graphene at various current rates derived from charge/discharge potential profiles at the same electrochemical test condition as that of the LTO/graphene composites were also plotted in Fig. S8a in order to quantify each contribution of specific capacity from LTO and graphene in the composite. The specific capacities of 163.5 and 75 mA h g −1 were delivered at the first two cycles under the current rate of 0.5 C. After that, reversible capacity was inclined to be stable gradually, proving the SEI formation. However, the specific capacity of graphene was nearly negligible. Fig.  S8b shows the contributions of specific capacity from LTO and graphene at various current rates. One can see that LTO contributed to more than 90% total capacity except the initial SEI formation process for both LTO/graphene composites. The contribution ratios of 96.5% and 97.2% at the current rate of 100 C were achieved, corresponding to 50-LTO-G-600C and 100-LTO-G-600C, respectively, demonstrating the capacity output mainly depended on LTO rather than graphene. The dependent relationship of current rates, specific capacity and potential polarization was depicted in Fig. 5c , clearly indicating that 100-LTO-G-600C with smaller potential polarization exhibited better rate performance with the increase of current rate. On the one hand, given that more graphene content (50-LTO-G-600C) is beneficial to improve the rate capability of LTO, on the other hand, more side-effects of SEI (product between graphene and electrolyte) on the electron and ion transport of LTO can not be circumvented after early charge/discharge processes (SEI formation). Additionally, the potential polarization increased for both samples with increasing current rates, which is associated with the increased ohmic and/or diffusion constrains of electrode under high current rates. The electrochemical kinetics of the LTO/graphene electrode was confirmed by cyclic voltammetry (CV) testing. The corresponding CV curves at various scan rates were shown in Fig. 5d , e. A pair of anodic and cathodic peaks was observed, which is the typical characteristic of the two-phase redox reaction mechanism, consistent with the suggestion of galvanostatic charge/discharge potential profile. The sharp peak with negligible distortion also demonstrated the efficient ion transport of the electrode. The first five CV curves of 50-LTO-G-600C at the scan rate of 0.1 mV s −1 were shown in Fig. S9 , demonstrating the good reversibility after the initial cycle. The long sloping curve in the initial cycle was associated with the reaction between graphene and electrolyte, consistent with the potential profile. The voltammetric response of the composite electrode at various scan rates obeys a power-law relationship that defines the kinetics mechanism [12, 47] . Accordingly, the calculated log(v)-log(i) data based on CV curves was plotted in Fig. 5f . The slopes of 0.57 and 0.61 were obtained (very close to the value of 0.5) corresponding to 50-LTO-G-600C and 100-LTO-G-600C, demonstrating the battery-type diffusion controlled process of the lithation/delithiation rather than the surface control. The cycling rate performance of 50-LTO-G-600C and 100-LTO-G-600C was shown in Fig. 5g . Both samples presented stable reversible capacity even after ultrahigh current rate cycling (100 C). It is worthy of note that 50-LTO-G-600C delivered a little higher capacity at the periods of 0.5 and 1 C (early process) than that of 100-LTO-G-600C owing to the higher surface area and graphene content. However, the capacity was lower than that of 100-LTO-G-600C after 1 C because the side-effects of SEI (reaction between graphene and electrolyte) suppressed its rate capability. We did not define the reaction between graphene and electrolyte as side-reaction since the contribution from graphene host material still existed when the current rate was reset back to 0.5 C. The specific capacities of 184.1 (50-LTO-G-600C) and 191.7 mA h g −1
(100-LTO-G-600C) could be restored, which are about 86.5% and 91.5% of the initial values, indicating the high reversibility of composites. The fresh and cycled electrochemical impedance spectroscopy (EIS) of 50-LTO-G-600C and 100-LTO-G-600C were shown in Fig.  S10a , b. All the Nyquist plots are composed of a semicircle in a high frequency range and an oblique line in a low frequency range, corresponding to charge transfer resistance (R ct ) and lithium ion diffusion into the electrode. The diameter of semicircle represents the R ct , which is generated at the interface between the electrode and electrolyte [48, 49] . The fresh 50-LTO-G-600C exhibited a smaller R ct than that of 100-LTO-G-600C due to the high graphene content. After electrochemical cycling, the larger R ct of 50-LTO-G-600C than that of 100-LTO-G-600C could be observed, providing the unequivocal evidence that supports the former explanation of 50-LTO-G-600C with respect to the decreased performance as compared with that of 100-LTO-G-600C. Meanwhile, a new semicircle partially overlapped with R ct was generated and denoted as R sei , corresponding to the resistance of SEI on the surface of electrode [48, 49] . 50-LTO-G-600C also exhibited a larger R sei than that of 100-LTO-G-600C, consistent with the former suggestion. The SEM images of cycled 50-LTO-G-600C and 100-LTO-G-600C were characterized in order to give insights into the microstructure especially with respect to SEI as shown in Fig. S11 50-LTO-G-600C with apparently denser SEI morphology could be observed (Fig. S11a, b) , furthermore, the corresponding EDS analysis also revealed that elements of C, O, P and Ti are evenly distributed throughout the composite (Fig. S11c, d) , consistent with the former explanation as well. The composites exhibited a good cyclic stability of 90% capacity retention at 20 C with nearly 100% Coulombic efficiency after 2500 cycles (Fig. 5h) , which is also attributed to the unique structure of LTO and incorporation with efficient graphene host material. Fig. 5i compares the rate capability under various rates and cyclic stability with previous reports (Table S1 (Supporting information) provides the comparison of detailed parameters as well.). The sample in this work surpassed others especially in the extreme high rate and long cycle life metrics, presenting the alluring promise of anode material for EES devices with high power/energy densities. Additionally, LTO/graphene composites as another control experiment were also synthesized by a hydrothermal method, in which the TiO 2 precursor was prepared by other method rather than this ALD seeding process. The detailed procedure and electrochemical performance (Fig. S12) were described in the Supporting information. The results highlight that this ALD seeding process is crucial to obtain a unique LTO/graphene composite with excellent properties.
The ALD seeded TiO 2 should be hydrothermally lithiated to transform into the LTO precursor. After the post-sintering process at 600 and 800°C, LTO could be prepared accordingly. The samples were denoted as 100-LTO-G-600C and 100-LTO-G-800C, respectively. The sintering temperature has significant effects on the crystallinity, grain size, defect density, microstructure, furthermore, the electrochemical property. Fig. S13 compares the XRD patterns of 100-LTO-G-600C and 100-LTO-G-800C. The apparently increased intensity of all diffraction peaks of 100-LTO-G-800C was observed. The calculated crystal sizes of 100-LTO-G-600C and 100-LTO-G-800C based on Scherrer equation are~20 and 50 nm, respectively, demonstrating the high crystallization extent of 100-LTO-G-800C in contrast to 100-LTO-G-600C. Meanwhile, the TEM images also present the morphological difference as shown in Fig. 6a, b . The LTO nanoparticles were still distributed on graphene uniformly. However, some of them merged together, leaving behind large size of nanoclusters (Fig. 6a) . The particle diameter distribution was shown in the inset. The calculated average particle size was~60 nm, which is about three times larger than that of 100-LTO-G-600C. Additionally, the rough surface characteristic was disappeared obviously (Fig. 6b) . )
. The results indicate that low temperature (600°C) treatment could retard the grain growth and self-merging as well as topological evolution of LTO efficiently. The electrochemical performance was also measured as the control experiment. The cycling rate performance of 100-LTO-G-800C was shown in Fig. 6c . Although the specific capacity was deteriorated as compared with 100-LTO-G-600C, 105.3 and 73.1 mA h g −1 at rates of 20 and 100 C were also achieved, respectively. Similarly, 100-LTO-G-800C exhibited a good reversibility as well after high rate cycling. The semicircle of EIS (Fig. 6d ) was enlarged apparently, suggesting the increased R ct of electrode. The typical equivalent circuit model was selected as shown in the inset of Fig. 6d . The calculated Rs (corresponds to the equivalent series resistance of the electrode) are 3.2 and 3.6 Ω. And the Rct are 12.5 and 23.5 Ω, corresponding to 100-LTO-G-600C and 100-LTO-G-800C, respectively. The decreased slope of inclined straight line (Warburg impedance) demonstrates the deteriorated ion diffusion into the electrode. The CV curves at various scan rates were plotted in Fig. 6e . The relatively sharp anodic/cathodic peaks with a small distortion were observed. Fig. 6f shows a linear dependence of the anodic peak currents on the square root of scan rate. The slope suggests a diffusion rate of lithium through the solid electrode. As a result, the 100-LTO-G-800C presented a smaller slope, indicating the inferior diffusion rate in contrast to 100-LTO-G-600C. On the one hand, the merged LTO nanoparticles under 800°C enlarged the lithium ion transport length. On the other hand, it was reported that some kinds of defect structures such as lithium partial occupation and vacancies at the interface of 8a and 16c sites are beneficial for the lithium ion mobility throughout LTO, leading to the high rate capability [50] [51] [52] [53] . Therefore, it is established that lithium ion diffused faster along the grain boundary than the diffusion straight through the grain of LTO. It also can be speculated that 100-LTO-G-600C with a low degree of crystallinity provided more grain boundary (defect density), demonstrating the better electrochemical performance accordingly. First principles calculations were performed on the LTO/graphene composite to better understand excellent electrochemical properties and the effect of different sintering temperatures on LTO. LTO structure was constructed by fixing the Li 4 Ti 5 O 12 stoichiometry [54] , and geometrical optimization and electronic properties of LTO and LTO/graphene (Fig. 7a-e) were calculated using the projector augmented plane-wave (PAW) method as implemented in the Vienna ab Initio Simulation (VASP) program [55] . Perdew-Burke-Ernzerhof (PBE) functional was used with a 500 eV energy cutoff and a k-spacing of 2π×0.03 Å −1 for Brillouin zone (BZ) sampling [56] . The calculated electronic structure of defect free LTO (Fig. 7e) shows that the valence states are mainly contributed by O-2p and Ti-3d states that range from −4.7 to 0 eV below the Fermi level; while the conduction band is dominated by Ti-3d states at about 2.6-4.7 eV above the Fermi level. Interestingly, the calculated density of state of the LTO/graphene composite provides a direct evidence of the electronic conductivity enhancement because of the closure of band gap in contrast to the bare LTO (Fig. 7e) , proving the efficient electron and ion transport throughout the LTO/graphene composite. When sintering LTO at 600 and 800°C, ab initio molecular dynamics simulations (computational method, Supporting information) show that LTO itself shows the semiconducting behavior with a very close band gap of 1.36 and 1.25 eV, respectively. Simultaneously, we found that the coordination number of Li atoms decreases significantly for both LTO samples after heat treatment. Also, 43.3% of Li-O bond distances in the structure at 600°C is smaller than 1.99 Å of the original structure, in comparison with 40% for the one at 800°C, which may suggest the shortening of Li diffusion path for the sample of 100-LTO-G-600C [57, 58] . Moreover, thermal treatment of LTO under an oxygen-deficient condition may generate oxygen vacancies [59, 60] . Fig. S15 , which further supports the improvement of the electronic conductivity [61] . In this regard, 100-LTO-G-600C with more defects may demonstrate a better electrochemical performance as compared with that of 100-LTO-G-800C as well.
In order to further scrutinize the potential of practical applications, the LICs full cell based on the LTO/graphene composite as anode and commercial activated carbon (AC) as cathode was assembled. The corresponding performance was measured and optimized. To obtain the LICs full cell with high energy density, the mass ratio of cathode to anode should be balanced according to the equation of m + q + =m -q -(q is the specific capacity and m is the mass of active material) due to the asymmetric configuration feature of LICs. The electrochemical property of AC was measured in advanced. The typical specific capacitance of 101 F g −1 at the current density of 1 A g −1 was selected to match the performance of the LTO/graphene anode (Fig. S16) . The LIC full cells with various mass ratios were charged/discharged in the voltage range of 1.5-3.0 V. The obtained energy/power densities with mass ratios from 2.2 to 5.5 (cathode to anode) were shown in the Ragone plots (Fig. 8a) . One can see that the energy density was boosted as the mass ratio increased up to 3.5 (the mass of cathode increased); while, the energy density decreased with the further increase of parasitic mass of cathodes, indicating the optimized energy density of the full cell in our experiment. , which was about 33% energy loss; while, the power density was about 14.4 kW kg −1 , which was 64 times larger than the initial value. The maximum power density was 57.6 kW kg −1 with a remained energy density of 12.8 Wh kg −1 . Such extremely high power density is even better than carbon based symmetric supercapacitor [62] [63] [64] [65] , proving the outstanding performance of our LTO/ graphene composite anode especially under the ultrahigh charge/ discharge condition. The comprehensive performance also surpassed reported asymmetric supercapacitors based on LTO and other intercalation type anodes [66] [67] [68] [69] [70] [71] [72] . The galvanostatic charge/discharge profiles of the LICs full cell with a mass ratio of 3.5 in the voltage range of 1.5-3.0 V at various current densities was shown in Fig. 8b . The segmented plot with different slopes was obtained. The PF 6 -ions were adsorbed at the interface of AC and electrolyte during the beginning stage of charge process. Meanwhile, the polarized Li + ions were intercalated into the LTO/graphene anode to accumulate charges till achieving the capacity balance with AC cathode, demonstrating the integrated mechanisms of SCs and LIBs. The maximum specific capacitance (based on the total mass of active materials) of 55 F g 
Conclusion
In summary, we created a novel ALD seeded process coupled with hydrothermal lithiation for synthesis of high performance LTO/graphene composite. TiO 2 nanoislands on graphene as seeds precisely defined by ALD process in advanced ensured the formation of subsequent LTO with unique characteristics. The synergistic effects of nanosized LTO and graphene endow the composite with a short lithium ion diffusion path and efficiently conductive network for electron and ion transport, boosting the excellent reversible capacity, rate capability, and cyclic stability as anode materials for LICs. Different sintering temperatures after hydrothermal reaction changed the crystallinity, defect density, microstructure as well as the electrochemical property of composite, which were also supported by the theoretical calculation. Our novel route provides a foundation for a feasible design to incorporate energy storage materials onto conductive host materials, propelling the forefront and shedding new light of EES devices with high power/energy densities. 
